Piezoresistive Protein-based SELP Silk-elastin-like protein A B S T R A C T
Introduction
Nature offers an abundance of structural proteins with remarkable properties unmatched by known technical materials, covering a wide range of mechanical functions. Fibrous proteins such as collagen, silk and elastin are characterized by repeating blocks of amino acid sequences that result in the formation of well-defined secondary structures which are responsible for the biological properties of the natural protein [1] [2] [3] . These repeating sequences have been used as design motifs for the development of recombinant protein-based polymers (rPBPs) displaying properties similar to the natural counterparts [4] [5] [6] . Owing to their intrinsic biocompatibility and biodegradability, rPBPs display great potential to be used a platform for the development of biomaterials for biomedical applications [2, 7] . For instance, rPBPs have been explored for the controlled release of active agents [8] such as bone morphogenetic proteins [9] , as scaffolds for tissue engineering [2] , or for the development of biomaterial blends with improved cell adhesion [10] . Unlike chemical strategies, recombinant DNA technology allows the production of monodisperse polymers with precisely defined sequences. This ability to be fully tailored at the molecular level allows the development of complex multifunctional polypeptides through the combination of distinct peptide domains [11, 12] . As a result, the development of genetically engineered protein-based polymers is an emerging field of research that have been the focus of great interest due to the absolute control over chain length and composition, which are key attributes for the design of advanced polymeric materials. This highlights the potential of recombinant protein polymers as central players to revolutionize the use of polymers in materials science.
The silk-elastin-like proteins (SELPs) are a family of such genetically engineered protein polymers combining in the same polypeptide chain the repetitive motifs from Bombyx mori silk and mammalian elastin [13, 14] . The silk blocks are capable of crystallizing to form physical https://doi.org/10.1016/j.compscitech.2019.01.017 Received 30 August 2018; Received in revised form 18 December 2018; Accepted 20 January 2019 cross-links, providing mechanical stiffness and thermal and chemical stability, while the elastin blocks provide elasticity, decrease the crystallinity and enhances the solubility [13, 15] . Due to its versatility of processing and biocompatibility, SELPs have been fabricated into different structures such as hydrogels [16, 17] , fibres [18, 19] , films [15, 20] and more recently, magnetic nanocomposite films [21] , demonstrating unique physical, mechanical and biological properties highlighting its potential for biomedical applications.
The creation of engineered tissues has encouraged the development of new approaches and materials. One of them is the use of composite materials combining synthetic and naturally derived materials due to their potential to provide improved properties with respect to the single material [22, 23] . The reinforcement of naturally derived polymers with carbon nanotubes (CNTs) is a promising area leading to the fabrication of polymeric matrices with increased mechanical and electrical properties [22, 24] . Furthermore, CNTs have demonstrated their applicability and potential for tissue engineering applications [25] . Therefore, the combination of SELPs and CNTs allows the development of a unique biomaterial with improved and novel characteristics.
In fact, it has been demonstrated that CNTs can be incorporated into different matrices such as collagen, gelatin and silk fibroin for the development of reinforced scaffolds for tissue engineering and regenerative medicine. For instance, collagen/CNT composites incorporating living cells demonstrated to maintain cell viability over a week [22] , and composite fibers were able to support fast and efficient neural differentiation [26] . CNTs have been combined with gelatin for the development of multifunctional cardiac scaffolds and bioactuators [27] , and with silk fibroin (SF) for the development of nanocomposite fibre mats with increased Young's modulus [28] . Finally, conductive nanocomposite films of SF/CNTs with improved dielectric properties showed to be biocompatible and able to support the growth of dorsal root ganglion neurons [29] .
Although displaying interesting properties, SELP films produced by solvent casting are insulating with resistivity values similar to those of natural rubber [15] . In this work, carbon nanotubes have been incorporated in the SELP matrix in order to obtain nanocomposite films endowed with improved piezoresistive response that can find potential use across a wide range of biotechnological areas, including also sensor and actuator applications. A large number of studies report the development piezoresistive sensors based on CNTs with synthetic polymers such as styrene-butadiene-styrene (SBS) [30] , poly(vinyl alcohol) (PVA) [31] and polyvinylidene fluoride (PVDF) [32] and also conductive blends such as polyaniline/styrene-butadiene-styrene (PANI/SBS) [33] . However, no studies have previously reported the development of piezoresistive materials based in a semiconductor and genetically engineered protein polymers. This type of materials is increasingly interesting due to its availability to change its electrical resistivity with the application of a mechanical stimulus.
Materials and methods

Materials
The recombinant silk-elastin-like protein SELP-59-A (SELP, MW = 56.6 kDa), was biologically produced and purified as described previously [14, 34] . The density of the recombinant protein was calculated according to the method proposed by Fischer et al. [35] and determined as 1.413 g/cm 3 . The complete amino acid composition [14] consists of 9 tandem repetitions of the sequence S5E9, in which S is the silk-like block with sequence GAGAGS, and E is the elastin-like block with sequence VPAVG. Multiwall carbon nanotubes (CNTs) with 90% carbon purity, volume resistivity of 10 −4 Ω cm −1 , average length of 1.5 μm and diameter of 9.5 nm were purchased from Nanocyl (ref. NC7000).
Preparation of nanocomposites and post-processing treatment
Pure lyophilized SELP was directly dissolved in formic acid (98-100%, Merck) at a concentration of 3 wt% and mixed thoroughly by vortexing. After complete dissolution, CNTs were added to the protein solution to achieve solutions with 1, 3 and 6 wt% related to the amount of SELP. The solution was then placed in an ultrasound bath (JP Selecta, nr. 3000617) for 4 h to obtain a good dispersion. SELP/CNTs composite films were prepared by casting the solution (7 mL) on bacterial grade polystyrene Petri dishes of 60 × 15 mm and the solvent evaporated at room temperature (RT) under extraction. Film thickness was measured using a Dualscope MP0R SK (Fischer Technologies) portable measurement device. The nanocomposite films were stabilized by exposure to methanol (MetOH-treated) at RT for 48 h in a desiccator [15] and air-dried for at least 48 h before any characterization.
Morphological analysis
SELP films and SELP/CNTs composite films were transversely cut using liquid nitrogen and subsequently sputter-coated with gold. The samples were visualized and imaged in a Quanta 650 (FEI) field-emission scanning electron microscope (SEM). Cross-sections images were obtained to evaluate the distribution of the CNTs along the sample.
Structural characterization
Attenuated total reflectance-Fourier transform infrared analysis (ATR-FTIR) spectra were acquired from 4000 cm −1 to 400 cm −1 at room temperature with a Spectrum Two spectrometer (Perkin Elmer) coupled with an UATR (single reflection diamond, Perkin Elmer) accessory. Spectra were collected after 64 scans with a resolution of 4 cm −1 with automatic correction of atmospheric CO 2 /H 2 O. Secondary structure analysis was performed on the amide I band region by second derivative and Gaussian curve fitting [15, 36, 37] using OriginPro 9.0 software (OriginLab, Northampton, MA). For component analysis, the amide I band region was truncated and normalized, followed by linear baseline correction. The second derivative spectra of the amide I region were smoothed with an eleven-point Savitsky-Golay smoothing function. As data was collected with an interval of 1 cm −1 , the selection of an eleven-point window covers an 11 cm −1 spectral region which is less than the half width at half maximum (HWHM) for most of amide I band components [38] . The number of components and peak positions detected by second derivative were used as starting parameters for curve fitting iteratively (R 2 > 0.999) with a Gaussian function using the Levenberg-Marquardt algorithm [38, 39] . To make the secondary structure assignment comparable between samples, curve fitting was performed with the same set of parameters. Fitting quality was also evaluated by examination of residuals between the original and the fitted curve, and assuming that the extinction coefficient for the C]O stretch vibration is the same for the different structural components [40, 41] . The contribution of each fitted component to the amide I band was determined from the relative area of the single bands by integrating the area under the curve and normalizing for the total area of amide I. Structural conformations were assigned by reference to literature [10, 15] ( Supplementary Table S1 ).
Thermal properties
The thermal behavior of the methanol-treated samples was determined by Differential Scanning Calorimetry (DSC) and by ThermoGravimetric Analysis (TGA). DSC measurements were performed with a DSC 6000 Perkin Elmer instrument. For that, small pieces of the sample were randomly cut, placed in aluminum pans and heated from 30 to 250°C at a heating rate of 10°C.min −1 under a flowing nitrogen atmosphere.
For the TGA measurements, approximately 10 mg of samples were transferred to open ceramic crucibles using a TGA 6000 Perkin Elmer instrument operating between 32°C to 590°C at a heating rate of 10°C.min −1 under a flowing nitrogen atmosphere.
Mechanical and electromechanical measurements
Uniaxial tensile failure measurements were carried out at room temperature (25°C) with a Shimadzu Universal Testing Machine (AG-IS with a load cell of 50 N) at a strain rate of 0.5 mm/min. The ultimate tensile strength (UTS), the strain-to-failure (ε) and the modulus of elasticity (E) were determined, with the latter being calculated in the linear zone of elasticity, between 0 and 1% of strain, for all samples.
The conductivity of the samples was evaluated from current (I)voltage (V) curves using an automated Keithley 487 picoammeter/ voltage source. Before analysis, silver electrodes with 5 mm diameter were painted in the samples. The current intensity was measured while applying voltages between −0.1 V and +0.1 V (step of 0.01 V). The electrical resistance was determined from the slope of the I-V curves and the dc (direct current) conductivity was obtained from equation (1):
where in RA/L (electrical resistivity), R is the resistance in Ohm, A is the electrode area in square metres (m 2 ), and L is the distance between electrodes in metres. The inverse of the resistivity is the electrical conductivity. Electromechanical measurements were performed by measuring the electrical resistance (Agilent 34401A multimeter) of the SELP/CNTs composites through silver painted electrodes with simultaneous uniaxial mechanical deformation (Shimadzu AG-IS universal testing machine) with a load cell of 50 N. The experimental measurements were carried out at 1 mm/min, using rectangular samples with 8 mm of width and 5 mm of distance between clamps, and deformations of 0.5, 1.0, 1.5, 2.0 and 3.0% with four loading-unloading cycles. The silver painted electrodes were placed inside the clamps to avoid deformation during the uniaxial loading-unloading measurements.
The Gauge Factor (GF) for the composites was calculated using equation (2):
where the applied strain is represented by dl/L = ε, ρ is the electrical resistivity, ν the Poisson ratio and (1+2ν) represent the geometrical contribution to the GF, with a maximum contribution of 2 for elastomers [31] . Because protein networks obey rubber elasticity, a Poisson ratio of 0.5 was used [42] . The critical concentration of the SELP/CNTs composites at which the largest increase of the electrical conductivity occurs was determined by equation (3) according to the percolation theory, with the electrical conductivity near the percolation threshold being characterized by:
where σ 0 and φ are the electrical conductivity and volume fraction of the reinforcement material, respectively, φc is the critical volume fraction at the percolation and t is the exponent that correlates with the dimensionality of the system [43, 44] . Thus, t is the critical exponent related to the dimensionality of the percolative system and is determined from the slope of the log (??) vs log(φ-φ c ) plot.
In vitro cytotoxicity evaluation
In vitro cytotoxicity evaluation was assessed with C2C12 mouse myoblast cell line. Cells were cultured in 75 cm 2 cell culture flask at 37°C, 5% CO 2 , in humidified environment using Dulbecco's modified Eagles' medium (DMEM, Gibco) containing 4.5 g L −1 glucose, 10% foetal bovine serum (Biochrom) and 1% (v/v) penicillin/streptomycin solution (Biochrom). Cell viability in response to methanol-treated SELP/CNTs composites was assessed by indirect contact using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and by following the ISO 10993-12 recommendations [45] . Samples of SELP/CNTs with 6 cm 2 were sterilized by multiple immersions into 70% ethanol for 30 min each, washed with sterile phosphate-buffered saline solution (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 at pH 7.4) for 5 min and exposed to ultraviolet (UV) light for 30 min each side. The film samples were subsequently incubated with 1 mL of cell culture medium for 24 h at 37°C with 5% CO 2 in a humidified environment. At the same time, a suspension of 2 × 10 4 cells mL −1 was seeded in 96-well tissue culture polystyrene plates for 24 h under the incubating conditions described above. After this incubation, the cell culture medium was removed and replaced by the as-prepared extraction medium (100 μL) conditioned by the 24 h contact with the film composites. Cell viability was then evaluated after 24 and 72 h using the MTT proliferation assay according to the manufacturer's (Sigma-Aldrich) instructions. Briefly, MTT solution (5 mg mL −1 of MTT dissolved in DMEM in a 1:10 ratio) was added to the cells and incubated in the dark at 37°C for 2 h. After the incubation time, the MTT solution was removed and the precipitated formazan was dissolved with 100 μL DMSO/well followed by measuring the absorbance at 570 nm. Cells cultured in standard culture medium and in 20% DMSO (Sigma-Aldrich) were used as positive and negative controls, respectively. Results were expressed as percentage of viability in relation to the positive control (set as 100% viability). One-way analysis of variance (ANOVA) with Bonferroni's post-test was carried out using GraphPad Prism 6 software to compare the means of the different data sets within each experiment. A value of p < 0.05 was considered to be statistically significant. All experiments were performed with at least four replicas.
Results and discussion
Morphology evaluation
The incorporation of CNTs as nanofillers in polymer matrices leads to the production of composites with tailored electrical, thermal and mechanical properties [46, 47] . Further, the dispersion of the CNTs within the matrix plays an important role in the determination of these properties. The morphology of the methanol-treated samples with different amounts of CNTs, was analyzed by SEM. Fig. 1 shows representative cross-section SEM images of film samples with 0, 1 and 6 wt% nanofiller content. As demonstrated by Fig. 1a , the SELP film presents a smooth and homogeneous morphology [15] . Fig. 1b-d show a good dispersion of the nanofillers into the protein polymer matrix, even at the highest concentration of 6 wt%. This is also demonstrated at higher magnifications (Fig. 1d ) in which the homogenous distribution of the CNTs is confirmed as well as the tubular shape of the CNTs.
Structural characterization
As-cast SELP films are highly water soluble [15] which limits the potential range of applications. The use of methanol has been described as a method to promote structural stability due to a dehydration-induced physical cross-linking, resulting in an increase of the β-structure content [15, 19, 20] . In this study, the SELP/CNTs nanocomposites were exposed to a methanol-saturated atmosphere and changes in the secondary structure were examined by ATR-FTIR (Fig. 2) . Information about the secondary structure was assessed based on the absorption of amide I (mainly C]O stretching vibrations) which is a sensitive spectral region used for protein studies. For all cases, the non-treated films display broad absorption bands centred at 1625 cm −1 with a pronounced shoulder at 1644 cm −1 which are indicative of antiparallel βsheet and random coil conformations, respectively [10, 15, 20 ]. This suggests that secondary structure is dominated by β-sheets with relevant contributions arising from other secondary structures. For all films, after the methanol treatment, the amide I band was narrower and shifted to 1621 cm −1 indicating that major contributions arise from βsheet structures and less from other secondary structures. This behavior was previously observed for methanol-treated SELP films [15, 20] and SELP composites [10, 21] in which treatment with methanol demonstrated to increase the overall content of β-structures (aggregated strands and β-sheets). This was further supported by quantitative structural information through the use of second derivative analysis and curve fitting methods in the amide I band region (Fig. S1 ). After the methanol treatment, the β-structure content of all films increased from 50% to approximately 60% (Fig. 2c ). Comparing the IR spectra between pristine SELP and SELP/CNTs nanocomposites, it is observed that the incorporation of the nanofillers do not exerts any chemical alteration or structural changes in the polymer.
Thermal characterization
The thermal properties of the methanol-treated samples with and without CNTs were assessed by DSC and TGA analysis ( Fig. 3 ). Fig. 3a shows the DSC curves for the SELP and SELP/CNTs composites. The thermal events observed in the thermograms are attributed to distinct water states, resulting from water molecules binding to the different film components. All samples display an intense endothermic peak at around 140-150°C related with non-freezing bound water present in the films [48, 49] , and another small endothermic peak that is a consequence of the post-processing treatment with methanol (Table 1) . This behavior has been previously observed in magnetic SELP composites and attributed to water entrapped in the more crystalline structure of the methanol treated samples [21] . For the nanocomposites, the incorporation of CNTs in the SELP matrix induces a slight decrease in the temperature of the peak associated to bound water to approximately 140°C. This could be a consequence of the good thermal conductivity of the nanofillers that promote a better heat diffusion through the samples. As demonstrated by FTIR (Fig. 2) , methanol leads to an increase of the β-structure content resulting in a more crystalline structure. As a result, the small endothermic peak around 132°C is a consequence of the presence of water/moisture in the more closely organized structure of the methanol-treated samples. Interestingly, for the sample with the highest content of CNTs, the thermogram displays an additional small endothermic peak at 135°C which can be attributed to the binding of water molecules with the CNTs. The absence of this thermal event at the lowest concentrations of 1 wt% and 3 wt% can be explained by the reduced amount of CNTs that are able to interact with water molecules.
The thermal degradation of the methanol-treated film samples was assessed by TGA in order to evaluate their thermal stability. Fig. 3b shows the TGA curves obtained for SELP and SELP/CNTs composites as well as the corresponding derivative thermogravimetric curves. All samples present an initial mass weight loss at around 100°C that can be ascribed to the loss of moisture [15, 50] due to handling and storage of the samples at room conditions. The major weight loss observed between 250 and 400°C corresponds to the effective stage of thermal decomposition and is attributed to the degradation of the material deriving from the breakdown of the side chain amino acid groups and cleavage of the peptide bonds [50, 51] . The DTG analysis (inset in Fig. 3b ) allows to obtain the temperature of maximum rate of weight loss that is, the decomposition temperature. Accordingly, the maximum point of weight loss is approximately 338°C for SELP and above 344°C for the SELP/CNTs film composites (Table 1 ). This demonstrates that the incorporation of CNTs increases the thermal stability of the films, showing a correlation with the nanofiller content: the higher content of nanofiller leads to higher decomposition temperatures (Table 1) .
Mechanical characterization
The mechanical properties of the methanol-treated nanocomposites were evaluated under uniaxial tensile strength analysis (Fig. 4) . The pure SELP film revealed an average modulus of elasticity (E) of 2.0 ± 0.8 GPa, an average ultimate tensile strength (UTS) of 88 ± 13 MPa and an average strain-to-failure (ε) of 7 ± 4% ( Table 2) . These values are within the range of those previously observed for SELP films using the same solvent [10] . Remarkably, the incorporation of 1 wt% of CNTs demonstrated a significant effect on the mechanical performance. Compared with the SELP film, the composite with 1 wt% of CNTs presents a much higher ductility, showing an increase of approximately 6-fold in strain-to-failure, and a stress-strain profile characterized by a linear region of elastic behavior and a clear plateau 
Table 1
Overview of the main thermal events of methanol-treated SELP and SELP/CNTs composites determined by DSC and TGA. related to uniform plastic deformation (Fig. 4) . In addition to the increased strain-to-failure, with an average value of 43 ± 17%, the composite with 1% of CNTs also presents an increased UTS, reaching values of 101 ± 11 MPa and similar E with a value of 1.5 ± 0.3 GPa (Table 2) . At increased concentrations of 3 wt% and 6 wt% it was observed a general decrease of the main mechanical parameters. This suggests that CNTs are providing breaking/failure points that weaken the nanocomposite structure. Fig. 4b shows the loading-unloading mechanical stress-strain curves for the film with 1 wt% of CNTs up to a strain of 2%. As observed, the mechanical hysteresis of the films increases with increasing applied strain, demonstrating the increase of the dissipated energy. This behavior has been reported for CNT/elastomer composites [30] and is related to the slow relaxation dynamics of the polymer chains during the unloading cycle.
Electrical and electromechanical response
The electrical conductivity of the nanocomposites as a function of the nanofiller content is presented in Fig. 5 . It is known that the conductivity of neat SELP films is around 3.0 × 10 −11 S m −1 [15] . The incorporation of CNTs into the SELP matrix demonstrated to greatly improve the electrical conductivity with values increasing with the nanofiller content from 0.6 to 0.8 S m −1 , for the samples with 1 and 6 wt%, respectively. The electrical percolation is observed below 1 wt% of CNTs and was determined by applying equation (3) . According to the fitting of the log(φ-φ c ) vs log (??) (see inset of Fig. 5 ), the percolation threshold of the SELP/CNTs composites is near φ c = 0.10 vol% and t is around 1.45, indicating a quasi-tridimensional CNT percolative system within the SELP matrix [43, 44] . To notice that the percolation concentration of 0.10 vol% (0.5 wt%) is typical of related systems such as CNT/PVA composites [31] .
Regarding the mechanical properties in respect to the percolation concentration, it is observed that the largest decrease of E is observed from the samples containing 1 wt% CNTs to the samples containing 3 wt %. Thus, for concentrations close and higher than 1 wt%, the percolation would start to play an important role, leading to a deterioration of the mechanical properties as result of increasing agglomerates and worst wetting of the CNTs agglomerates by the polymer.
The electromechanical properties of the methanol-treated SELP/ CNTs nanocomposites (Fig. 6 ) was evaluated during mechanical stress with strains from 0.5% to 3.0% and 4 loading-unloading cycles. Fig. 6a-b show a typical example of the electromechanical behavior obtained for the nanocomposite samples with 1 wt% of CNTs at strains up to 0.5%. Similar results were obtained for the films with 3 and 6 wt% (results not shown). The samples were characterized by a linear piezoelectric behavior indicating that the electrical resistance follows a direct correlation with the mechanical deformation, increasing linearly upon tensile loading and decreasing linearly upon unloading. The piezoresistive sensitivity of the composites was then quantified by the Gauge Factor (GF) by applying equation (2) (Fig. 6b ). The GF of the film composites with 1 wt% of CNTs demonstrated to be independent of the applied strain, showing values of approximately 0.43. Accordingly, it is demonstrated that the composites present a piezoresistive behavior characterized by a high reliability performance and sensitivity and are appropriated for biomedical applications or sensors that work at lower deformations. According to equation (2), the GF depends of both the intrinsic piezoresistive effect and the geometric effect, being the contribution of the geometric factor to GF of 2 (Poisson ratio is 0.5 because protein networks obey rubber elasticity [42] ). As the GF values are lower than the geometric factor, independently of the CNTs concentration, the intrinsic piezoresistive effect provides a relevant contribution, opposite to the geometric factor. This fact indicates a reconfiguration of the CNTs network, leading to a decrease in the resistivity with the deformation. Further, it is to notice that the GF is typically larger at the percolation threshold [42] , where the percolation network reconfiguration and the associated electrical conductivity variations are larger upon mechanical deformation. Therefore, a slightly lower CNT content will allow to increase the piezoresistive response of the composite.
Cytotoxicity assay
An important parameter to be taken into account in the development of materials for biomedical applications is the absence of cytotoxicity. The cytotoxicity of methanol-treated SELP/CNTs composites was evaluated in vitro by indirect contact and according to ISO 10993 recommendations. The cell viability in response to the methanoltreated films was assessed with C2C12 mouse myoblast cell lines using the colorimetric MTT assay which gives an indication of cell metabolic activity (Fig. 7) . In this assay, metabolically active cells reduce the tetrazolium salts into a formazan dye that can be spectrophotometrically measured and is directly related to the number of living cells. Previously, it was demonstrated that the SELP used in this study namely, SELP-59-A, is non-cytotoxic to normal human skin fibroblasts [10, 19] . Herein, the same effect is observed for C2C12 cells with the methanol-treated SELP film showing cell viability values of 94.3 ± 1.4% and 87.2 ± 4.3% after 24 and 72 h, respectively. As for the nanocomposites, all samples display cell viability values above 80% after 24 h of exposure, independently of the CNT content. At an increased incubation time of 72 h, it was possible to observe a slight reduction of cell viability for the composites with higher CNT content, reaching values of 71.7 ± 5.1% and 85.8 ± 3.7% for the samples with 3 wt% and 6 wt% of CNTs, respectively. Remarkably, the metabolic activity of cells exposed to leachables of the sample with 1 wt% of CNTs demonstrated to be similar to the positive control presenting cell viability values of 100.3 ± 2.7% even after the 72 h of incubation.
Conclusions
The fabrication of piezoresistive SELP/CNTs film composites is demonstrated. The films were fabricated via solvent casting using formic acid as solvent, and further stabilized by exposure to methanol-saturated atmosphere to promote the formation of more β-structures, rendering water insolubility through a physical crosslinking process. The CNTs are evenly distributed along the protein polymer matrix and increase the thermal stability of the composites without changing the chemical structure. The mechanical properties of the composites with 1 wt% of CNTs show an increase of 6-fold in strain-to-failure without significant impact in the strength and modulus of elasticity. The resulting composite materials display an electromechanical response, thus providing evidences of the feasibility of adding piezoresistive functionality to the SELP films. Finally, it is demonstrated that SELP/CNTs composites are non-cytotoxic, indicating its suitability for biomedical applications.
The results of the present work pave the way for the development of a new generation of multifunctional bioinspired materials, opening new perspectives in the future engineering of advanced functional biocomposites.
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